but did in wild-type mice, suggesting the involvement of CYP2E1 in the metabolism from TCE to TCA. The constitutive expression of CYP2E1 in the liver of guinea pigs was greater in females than males. Conclusions: The sex difference in urinary TCA excretion after TRI and TCE treatments may be due to variation of the constitutive expression of CYP2E1. Trichloroethylene (TRI) has been used industrially as a degreasing agent for metal materials and lenses. Its use has been decreasing in the developed countries, however, it is still used in industrializing countries because of its superior degreasing power, noncombustibility and cheaper cost 1) . TRI is carcinogenic to humans 2) and poses potential adverse effects on the human central nervous system, liver, kidney, and immune system, and also on animal reproductive organs 3, 4) . Regarding its influence on the immune system, there are at least two kinds of pathological abnormality: one is generalized hypersensitive dermatitis complicated with severe hepatitis 5, 6) , and another is autoimmune hepatitis, which is observed in patients with scleroderma or systemic lupus erythematosus 7, 8) . In the former case, typical pathogenesis is to be lain in the onset time: this disease cannot occur immediately after TRI exposure, but only after repeated exposure to TRI for 3−4 weeks 9) . Therefore, patients with this disease may have delayed-type hypersensitivity.
In mammals, TRI is metabolized mainly by cytochrome P450 (CYP) 2E1 to chloral hydrate 10, 11) , and Abstract: Sex Differences in Metabolism of Trichloroethylene and Trichloroethanol in Guinea Pigs: Yui HIBINO, et al. Department of Occupational and Environmental Health, Nagoya University Graduate School of Medicine-Objectives: Trichloroethylene (TRI) has the potential to cause generalized dermatitis complicated with hepatitis. The guinea pig maximization test (GPMT) also suggests that both TRI and its metabolite trichloroethanol (TCE) exhibit immunogenicity and possible sex differences in guinea pigs. However, TRI and TCE metabolisms in guinea pigs have not been elucidated in detail. The first issue to clarify may be the sex differences in relation to the immunogenicity. Methods: We collected urine from Hartley male and female guinea pigs 24 hours after intracutaneous injection of TRI, TCE or trichloroacetic acid (TCA) during a GPMT and measured the urinary metabolites by gas chromatography-mass spectrometry. Results: After TRI treatment, the amount of TCA was significantly greater in females than males, while there was no sex difference in the total amount (TCA + TCE). TCA was only detected in urine after TCA treatment. Interestingly, not only TCE but also TCA was detected in urine of both sexes after TCE treatment, and the amount of TCA was also greater in females than males. An additional experiment showed that TCE treatment did not result in the detection of urinary TCA in cytochrome P450 (CYP)2E1-null mice 12) . The TCE produced is further metabolized to its conjugated form by uridine 5'-diphospho-glucuronosyltransferase, while it is metabolized to TCA via chloral hydrate 12) . The latter metabolic pathway, as well as TRI metabolism, has been well investigated in mice and rats but not in guinea pigs. Since guinea pigs were used to investigate the immune response to some chemicals including TRI 13) and its metabolites 14) using the so-called guinea pig maximization test (GPMT), the metabolic pathway of TRI and TCE in guinea pigs should be clarified in these animals. Also, TRI-induced acute hepatotoxicity and autoimmune hepatitis are heavily related to metabolism 11, 15, 16) , suggesting that metabolism may also be related to TRI-induced generalized hypersensitive dermatitis complicated with hepatitis. In this regard, sensitization to TRI was observed in both male (70%) and female (90%) guinea pigs, but sensitization to TCE was only observed in females (50%) 14) , suggesting the importance of study on sex differences in their metabolism in guinea pigs. Sensitization to TCA was not observed in this experiment.
Sex Differences in Metabolism of Trichloroethylene and Trichloroethanol in Guinea Pigs
In order to address this issue, we measured urinary metabolites of TRI, TCE and, as a reference of their final metabolite, TCA in guinea pigs and also investigated the contribution of CYP2E1 in the metabolic pathway from TCE to TCA using wild-type and CYP2E1-null mice.
Materials and Methods

Animals
1) Guinea pigs
This study was conducted according to the animal experimental guidelines of Guangdong Poison Control Center in China. Specific pathogen-free Hartley guinea pigs weighing 300−400 g were used for the GPMT. They were housed in a suspended stainless steel metabolic cage (5 per cage) in a room with a 12 hours light: 12 hours dark cycle, stable relative humidity (40−70%) and a constant temperature (20−25°C). Food and water were provided ad libitum.
In order to detect hepatic CYP2E1 protein, male and female specific pathogen-free Hartley guinea pigs (with no exposure to chemicals; n=8 for each sex) were used. They were anesthetized in ether, and then their livers were dissected. All the liver samples were stored at −80°C until analysis.
2) Mice
This study was conducted according to the Animal Experimentation Guidelines of the Nagoya University Graduate School of Medicine. A pair of sv/129 genetic background parental cyp2e1-/-(CYP2E1-null) and cyp2e1+/+ (wild-type) mice were shipped to us from the Laboratory of Metabolism, National Cancer Institute, Bethesda, MD, USA. They were housed in a room with a 12 hours light: 12 hours dark cycle, stable relative humidity (57−60%) and a constant temperature (23−25°C) at the Institute of Laboratory Animal Research, Graduate School of Medicine, Nagoya University. Food and water were provided ad libitum. The mice were then bred, and ten CYP2E1-null male offspring and 15 wild-type male offspring were used in this study. When the mice reached 13 weeks old (body weight approximately 25 g), they were used for experiments.
Chemical exposure 1) Guinea pigs
All urine samples of guinea pigs were collected after the first challenge of TRI, TCA and TCE treatment in the GPMT, which was performed according to the OECD guideline 17) . Forty-five male and female Hartley guinea pigs were randomly divided into 6 groups: ten animals from each sex were used for challenging with TRI, TCE and TCA, respectively, and animals from each sex were used in each of the respective control groups. Before the intracutaneous injection of a chemical, the dorsal skin on both sides of the scapular region (4 cm × 6 cm) was shaved. Twenty-four hours after shaving to remove hair, each animal received the following three intracutaneous injections (0.1 ml each): injection 1, Freund's Adjuvant Complete (Sigma-Aldrich, St Louis, MO, USA); injection 2, the test material (5% TRI in olive oil, 1.25% TCE in olive oil or 0.5% TCA in physiological saline); and injection 3, a 1:1 (v/v) mixture of injection 1 and 2. After injection, the animals were placed in individual metabolic cages to collect urine for 24 hours. Control groups were intracutaneously injected with the same volume of olive oil alone instead of each test material. All the urine was stored at −80°C until analysis.
2) Mice
In order to assess the involvement of CYP2E1 in TCE metabolism, 13-wk-old male wild-type (n=10) and CYP2E1-null mice (n=10) were used. TCE (12.53 mg/ml, w/v) was orally administered at a volume of 4 ml/kg body weight. After the administration, mice were placed in individual metabolic cages to collect urine for 24 hours. All samples were stored at −80°C until analysis.
To determine the effect of exposure routes on the metabolism of the TCE, 13-wk-old male wild-type mice (n=5) were intracutaneously treated with TCE (12.53 mg/ml, w/v) at a volume of 4 ml/kg body weight. After administration, mice were placed in individual metabolic cages to collect urine over a 24 hours period. All urine was stored at −80°C until analysis.
Metabolites of TRI in urine by GC-MS
Urinary TCA and TCE concentrations were measured by gas chromatography-mass spectrometry (GC-MS) under the analytic conditions referred to in a previous report 11) with slight modifications. β -Glucuronidase (196 U) was added to urine samples (200 Ql) diluted 4-fold with water and incubated overnight at 37°C. Forty-five microliters of 0.1 M sulfuric acid was added to the hydrolyzed urine sample plus an internal standard (dichloroacetic acid, 200 mM in methanol, 5 µ l). The sample was then mixed with 500 µ l of water-0.1 M sulfuric acid-methanol (6:5:1) and heated at 70°C for 10 minutes to produce the derivatives. After cooling to room temperature, 500 µ l of hexane-ethyl acetate (3 : 7) was added to the mixture for extraction, and the mixture was then mixed with a shaker for 20 minutes. The mixture was centrifuged at 3,000 × g for 10 minutes, and the supernatant solution (1 µ l) was injected into the GC-MS. Details of the GC-MS method (6890N GC, 5975 MS, 7683B series injector, 7683 series autosampler, Agilent Technologies, Santa Clara, CA, USA) were as follows: capillary column, Rtx-65; carrier gas, helium with a velocity of 1.0 ml/min; oven temperature, 50°C for 3 min, temperature increased by 50°C/min until 200°C, and then 200°C for 5 minutes; temperature of injection port, MSD transfer line, ion source and quadrupole, were 150, 280, 230, and 150°C, respectively; analysis mode, EI; positive ion, 70 eV; and SIM parameters, m/z 59 for dichloroacetic acid (internal standard), m/z 49 for TCE and m/z 59 for TCA. Under the above conditions, the detection limits of TCA and TCE were 0.22 mg/l and 0.10 mg/l, respectively. The amounts of TCA and TCE in the urine were expressed as the total amount using the urine volume.
Western blot analysis
Livers of 5 male wild-type and CYP2E1-null control mice 11) were used to analyze hepatic expression of CYP2E1 protein. Sections of livers from control group guinea pigs and wild-type and CYP2E1-null mice were each homogenized with three volumes of 10 mM phosphate buffer (pH 7.4) containing 0.25 M sucrose. A sample of liver homogenates was subjected to 10% polyacrylamide gel electrophoresis and then transferred to PVDF membranes. After blocking with 3% nonfat milk in Tris-buffered saline (TBS) for 1 hour at room temperature, membranes were incubated with primary polyclonal antibody against CYP2E1 (Abcam, Cambridge, UK), overnight at 4°C. After washing the membranes with TBS and TBS containing 0.05% Tween-20, the membranes were incubated with alkaline phosphate-conjugated goat antirabbit IgG (Jackson ImmunoResearch, West Grove, PA, USA). The specific immune complexes were detected using 1-Step TM NBT/BCIP Solution (Pierce Biotechnology, Rockford, IL, USA). The band was quantified by densitometry using CS Analyzer 3.0 (ATTO Corporation, Tokyo, Japan).
Statistical analysis
Data were expressed as means ± SD. The Student's t test was used to compare arithmetic means between males and females. In all analyses, p values less than 0.05 were regarded as significant.
Results
Urinary metabolites in guinea pigs
Neither TCE nor TCA was detected in urine of any control group. However, as shown in Fig. 1 , TCA and TCE were detected in the urine of male and female guinea pigs intracutaneously treated with TRI. Although the total amounts of TCA and TCE were not different between males and females, TCA excreted in urine was significantly greater in females than males, and therefore, the percentages of TCA were also significantly greater in urine of females (33%) than males (11%).
Only TCA was detected equally in the urine of both males and females after intracutaneous treatment with TCA.
Both TCE and TCA were detected in the urine of males and females intracutaneously treated with TCE. TCA excreted in urine was significantly greater in females than males. However, the percentage of TCA relative to total metabolites did not differ between sexes after TCE treatment.
Amount of metabolites
Urinary metabolites in wild-type and CYP2E1-null mice
Wild-type and CYP2E1-null mice were orally treated with TCE, and urinary TCE and TCA were measured. In the wild-type mice, both TCE and TCA were detected in the urine, and the percentage of TCA was 7% (Fig. 2) . In contrast, only TCE was detected in the urine of CYP2E1-null mice. The amounts of TCE and TCA tended to be higher in the wild-type mice than those of TCE in CYP2E1-null mice, but there was no significant difference between the two. When the same dose of TCE was intracutaneously given to wild-type mice, both TCE and TCA were detected, and the percentage of TCA was the same (7%) as that with oral treatment. No difference was noted in the total amount of TCE and TCA between the two treatment methods.
Immunological detection of CYP2E1
We also analyzed CYP2E1 in the livers of both sexes of nonexposed guinea pigs and male wildtype and CYP2E1-null mice by Western blot analysis. As shown in Fig. 3 , the CYP2E1 band was detected by anti-CYP2E1 in the liver of mice as well as guinea pigs. The density of the band in the liver of mice was slightly higher than that in guinea pigs. However, in guinea pigs, the band was stronger in females than males. No band was detected in the livers of CYP2E1-null mice.
Discussion
TCA is known to be produced from TRI as well as TCE via chloral hydrate in rats 12) . The present study showed a similar pathway in guinea pigs. Interestingly, TCA production was greater in females than males among the animals studied in both chemical treatments: a sex difference existed in the production of TCA. An additional study using CYP2E1-null mice demonstrated that CYP2E1 was clearly involved in TCA formation from TCE in mice. There was no TCA in the urine of the null mice exposed to TCE, suggesting that CYP2E1 is a major form in the metabolic step, in addition to TRI metabolism 10, 11, 16, 18) . Since constitutive expression of CYP2E1 was significantly greater in females than males, the sex difference in TCA excretion in urine of guinea pigs may be explained by the difference of CYP2E1 expression in the livers: in females, the higher expression may contribute to either metabolism of TRI to TCA or metabolism of TCE to TCA. Thus, after TRI treatment, the percentage of TCA relative to total metabolites (TCA + TCE) was also greater in female guinea pigs but showed a similar value in both sexes after TCE treatment. This may be due to the different contributions of CYP2E1: in the former case, this isozyme was involved in two steps, TRI to TCA and TCE to TCA, via chloral hydrate, while in the latter case, the isozyme was involved only in one pathway from TCE to TCA. In TRI treated male guinea pigs, the percentage of urinary TCA relative to total metabolites (TCA + TCE) was 11%. In male wild-type mice, the percentage of TCA was 9% 19) , and this was very similar to that of male guinea pigs. In humans, the percentages of TCA excreted in urine of 15 men were reported to be 7−12% 20) , though the percentages increased over time with exposure: after one or two weeks of exposure to TRI, a high level of TCA was detected in urine of patients with generalized dermatitis complicated with hepatitis, but only a small amount of TCE was observed 21) . In male rats, the percentages were reported to be 1−3% 16) , which were less than those reported in mice 22) , humans 20) or guinea pigs. Therefore, the excretion rate of TCA from male guinea pigs after TRI exposure was similar to that of mice and humans but different from that of rats, although the exposure route was different, with guinea pigs being treated subcutaneously.
The amount of CYP2E1 detected by anti-CYP2E1 was greater in female guinea pigs than males. The band detected by the antibody appeared to be greater in the liver of male mice than in that of male guinea pigs however, because the affinity of the antibody to the livers of the two animals may be different, further study is warranted to pinpoint the exact expression. However, the similar urinary excretion percentages of TCA after TRI treatment between mice and guinea pigs suggest that the constitutive expression of CYP2E1 in the liver may not be different between them. The constitutive expression of CYP2E1 was reported to be smaller in the liver of rats than mice 23) . Taken together, the difference in the constitutive expression of CYP2E1 may contribute to the different percentages of TCA after TRI treatment among species. The constitutive expression of CYP2E1 in the liver of female guinea pigs was greater than that in the liver of male guinea pigs, which may also have contributed to the higher sensitization of TCE in females, because there is no sensitization in males 14) . In humans, the amount of urinary TCA was 2−3 times higher in women than in men for the first 24 hours after TRI exposure 24) , suggesting that a sex difference in TRI metabolism may exist in humans. However, the contribution of CYP2E1 was unknown. In rats, sex differences were observed in the metabolism of toluene 25) and styrene 26) at the adult stage, because male-specific CYP2C11 increases with aging 25, 27) . Although CYP2E1 was constitutively expressed at a similar level in the liver of 3-wk-old male and female rats, it decreased more prominently in males than females with aging, resulting in a sex difference in this isoform at the mature stage 25−27) . Increased CYP2C11 but decreased CYP2E1 with aging in male rats may reset the sex difference in the metabolism of TRI at the mature stage in rats 25) . However, in this study, the expression of CYP2E1 was apparently higher in female guinea pigs than males; therefore, a sex difference in TRI and TCE metabolism was observed in guinea pigs.
As described previously, CYP2E1 is a key enzyme in TRI-induced hepatotoxicity, as shown by the fact that CYP2E1-null mice could not express hepatotoxic potential after the exposure 11) . Additionally, this isoform has an important role in TRI-induced autoimmune hepatitis 7) . Halothane had been used as an anesthetic agent however, it causes fatal severe hepatitis in rare settings 28) . CYP2E1 is a major catalyst in the formation of trifluoroacetylated proteins, which have been implicated as target antigens in the mechanism of halothane hepatitis; immune responses to cell surface CYP2E1 could also be involved in the pathogenesis of halothane hepatitis 29) . If CYP2E1 is involved in TRI-induced generalized hypersensitive dermatitis, the involvement of this isoform in metabolism of TCE to TCA may also be an important issue because TCE was shown to have a weak hypersensitive potential, especially in female guinea pigs 14) . This also suggests that TCE may be involved in TRI-induced generalized skin damage with hepatitis 9) . Although TRI-induced acute hepatitis has also been reported, the involvement of CYP2E1 was unknown.
We investigated the metabolism of TRI and TCE in guinea pigs using only one dose. In rats, TRI is dose-dependently metabolized up to 2,000 ppm 16) , but no information on the TCE metabolism has been reported. We were unable to comprehend the difference in metabolic capacity of TRI between rats and guinea pigs. In male rats, 573 ± 94 µ mol/kg (mean ± SD, mean value was about 191 µ mol/rat) of metabolites (TCA + TCE) were excreted in urine over the course of 24 hours after exposure to 500 ppm TRI for 2 hours 16) . This amount is much higher than the value, 31.9 ± 16.6 µ mol/male guinea pig, in the current study. Although the exposure route also differed between the current guinea pig experiment and that performed in rats in the past, the dose used in this study does not appear to be too high, and so it is possible that TRI metabolism occurs in a dosedependent range.
In conclusion, there was a clear-cut sex difference in the metabolism of either TRI or TCE in guinea pigs. The higher expression of CYP2E1 in the liver of female guinea pigs may be primarily involved in the sex difference.
